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Abstract 

We obtain analytical formulae for the cross section and the angular dis- 
tributions of the b{b) quarks in the process e+e" tt, with t W+b 
it W~b) assuming CP violation in the 'ytt and Zti vertices. We present 
CP violating asymmetries which measure separately the real and imaginary 
parts of the electroweak dipole moment form factors of the top, d\s) and 
d^(s) . We give a numerical analysis of these asymmetries within the Minimal 
Supersymmetric Standard Model with complex parameters. They turn out 
to be of order 10~^. 



1 Introduction 



So far CP violation has been observed only in neutral kaon decays. An observa- 
tion of CP violation in other reactions would be of crucial importance for a better 
understanding of the origin of this phenomenon. Top quark physics may offer new 
possibilities for CP violating observables at existing and future colliders. The rea- 
sons are both experimental and theoretical: Owing to its large mass the top quark 
decays before forming a hadronic bound state Therefore, its polarization can be 
determined by measuring the distributions of its decay products. The polarization 
of the top quark is sensitive to CP violation. For isolating the truly CP violating 
effects one has to compare the decays of the top quark with those of the anti-top 
quark. In future e'^e~ colliders, t and i will be produced copiously, and the distri- 
butions of their decay products and in this way their polarizations can be measured 
in the same experiment. 

Furthermore, because of the large top quark mass, the perturbative calculations 
are more reliable and free of uncertainties of hadronization models. This allows one 
to obtain clear theoretical predictions for CP violating observables. 

In this paper we consider the process 

e+e" t i 

^ W+b (1) 
and its CP-conjugate 
e+e" ^ t i 

^ W-b (2) 

in the energy range of an e^e^ Linear Collider. We discuss the possibility of exam- 
ining CP violation in reactions (|I|) and by analyzing the angular distributions 
of b and b from the top quark decays. 

Previously, the effects of the electroweak dipole moment form factors in (|I]) and 
were considered in . In this paper we give analytic formulae for the differential 
cross sections of (|l|) and (0) in the cm. system. We work out formulae in terms of 
general CP violating couplings for the angular distributions of the b{b) quark and 
for suitable defined asymmetries. It is possible to integrate analytically over the 
four-particle phase space. These expressions are general and model independent. 
We also take into account longitudinal polarization of e~ and/or e"*". 
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In the Standard Model (SM) the decay t — > bW has 100% branching ratio. We 
assume CP violation to occur in the production process, induced by the electric 
(P(s) and weak d^{s) dipole moment form factors of the top quark in the •yti and 
Ztt vertices. In the SM d"'(s) and d^{s) get non-zero values through the complex 
phase of the CKM matrix. However, they are at least a second order loop effect 
and thus almost negligible. Therefore an observation of CP non-conservation in top 
quark physics would be related to physics beyond the SM. Supersymmetric models 
and models with more than one Higgs doublet are at present the most favoured 
candidates. These models can provide new sources of CP violation so that d\s) 
and d^{s) appear at one-loop level. A complete study of d\s) and d^(s) in the 
Minimal Supersymmetric Standard Model (MSSM) with complex parameters has 
been performed in [Q. 

The previously proposed CP violating asymmetries involve measurements of 
triple product correlations H, |^, 0, H , lepton distributions, and other quantities [|, 
|T0|, [11], |I2] . In the present paper we show that measuring the angular distributions 
of the b{b) quarks provides an alternative method to determine the CP violating 
parameters. For this purpose detection of b and b jets is required. Looking at the 
angular distributions of the b{b) jets coming from the t-decay instead of the angular 
distributions of the leptons coming from the W-decay |Tl|, |12| has the advantage of 
a higher rate. CP violation in ti production at hadron colliders has been discussed 
in 
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In section 2 we work out the general expressions for the differential cross sections 
of ([I|) and (|^), in which the polarization four-vectors of t and t enter explicitly. 
These are given in section 3. In section 4 we obtain the differential cross section in 
terms of these polarization vectors and in section 5 we give the analytic expressions 
in the c.m.system for the cos ^fe-distribution of the b quarks of (|I|) and of cos 6'^ 
of the b quarks of process (0), in terms of the real and imaginary parts of d\s) 
and d^{s) . Suitable angular asymmetries, sensitive to ^ed'^'^is) and '^md'^'^is) , are 
defined in section 6, where we also derive analytic formulae. In section 7 we present 
numerical results in MSSM with complex parameters, based on the calculations of 
d'^is) and d^{s) in 0]. A summary is given in section 8. 
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2 The formalism 



In order to obtain analytic expressions for the cross sections of the sequential pro- 
cesses (|I|) and (0) we follow the formalism of |]T^. According to it we write for 
and (D: 

d fJxx' = d a^y — , d a^y = d a^y — (3) 

Ti mt Tt nit 

Here d a*/y is the differential cross section for t (i) production in e+e" annihilation, 
A and A' being the longitudinal polarization of e~ and e^, respectively. dT^- (dT^) 
is the differential decay rate for t —>■ bW {i —>■ bW) when the top quark is polarized, 
its polarization vector ^ (^) determined by the former production process, Et (Et) 
is the energy of the t {i) quark in the cm. system, is the total decay width of the 
top quark. For the differential cross section d a^'^ we obtain: 



d o'xx' = s 1 + abrrit-. > d cos 6t d ^Ib (4) 

I iPtPb) J 

d aly = 1 1 - } ^ COS ^ (5) 

We use a reference frame where the ^-axis points into the direction of qe; Qe and 
Pt(D determine the x2;-plane; cos 6*4(4) is the scattering angle of t(t), and dQb(b) = 
d cos6';,(5) dipb(b). 

The coefficient ab determines the sensitivity of the b quark to the polarization 
of the top quark: 

The sensitivity to CP non-conservation in t quark production is determined both 
by the value of ab and the CP violating contribution to the t-polarization. (Tq''*^ 
determines the differential SM cross section of (|l|) and @ for totally unpolarized 
decaying top quarks with longitudinally polarized initial electron-positron beams: 

b(b) _ 2 3/5 Tt^bw ^tE^(b) 

where -^^(5) is the energy of the b{b) quark in the cm. system: 

22 22 
m; — mt, m; — mt, , , 

v^(l-/3cose4,) ' v^(l-/3cos^J ' 
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^/s is the total cm. energy, and 




sin 6t sin 6b cos (pb + cos 6t cos 6b . 



(9) 



We take nib = 0, f3 = yl — 4mi/s is the velocity of the t quark. Tt-,bw is the 
partial decay width of the top quark for the decay t bW, and 



nW = Kxhcose,) = (1 + (3\os'6t^tj)F, + (1 - p')F2 (±) 2/5 cos ^^(t) F3 . (10) 

The dependence on the beam polarizations comes through the functions Fi, i = 
1,2,3, given by 



= l-lcygyhz + {4 + c\){g'y + gl)hl 
F2 = -^--^cygvhz + {cl + c\){gl-gl)h\ 

F3 = -^CAQAhz + ^cvCAgv9Ah\ 

Gi = -^CAgvhz + '2cvCAigv + g\)hl 

Gl = -^CAgvhz + '2cvCAigv - 9l)hl 

Gl = -\cvgAhz + 2{cl + c\)gvgAhl (12) 

The quantities cy = -(1/2) + 2 sin^ 6^^, ca = (1/2) and gy = (1/2) - (4/3) sin^ G^i., 
gA = —(1/2), are the SM couplings of Z to the electron and the top quark, respec- 
tively, and hz = [s/ {s — m\)]/ siv? 2Qw 

In the SM at tree level the total cross section for the inclusive h{h) production 
process (P and (Q) at tree level is 



= (1 - AA')i^° + (A - AOG" 



(11) 



where 




[(3 + /52)Fi + 3(1-/3^)^2] 




tot ) 



(13) 



where we have introduced the convenient notation 



tot — 



(3 + /3^)Fi + 3(1-/3^)^2, 



(14) 




'w 



(15) 
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3 The polarization vector of the top quark 



The amplitude for e~^e — ^ tt, assuming CP violation, is 



e2 2 
M = i—v{q,)-i^u{q.){V^Y-i ^v{q,)-i^{cv + CAl^)u{q,){VzY (16) 

S S — ITLz 



where gz = e/ sin 29^1,. The quantities Vj define the ^7 and ttZ vertices^ 

(y^Y = lY-t{V^/mt)d\s)^'' (17) 
iVzY = r{gv + gAl'')-i{V^/mt)d\s)-i'' (18) 

Here = Pt ~ Pi-, ^"^^ d\s) and d^(s) are functions of s, so that ^"^(0) and d^{ml) 
determine the electric and weak dipole moments of the t quark. These dipole 
moments can be induced only by CP violating interactions and have in general 
both real and imaginary parts. 

Now we will give the expressions for the polarization four-vectors of the 
top quark and of the antitop quark, depending on the electric and weak dipole 
moment form factors. 

As {ptO — 0) general the polarization vector can be decomposed along 
three independent four- vectors orthogonal to pf. two of them, Qe and are in 
the production plane: 

Q'e = € - ^^P't , = - (19) 

and the third one is normal to it: e^a/s-rPtleQs- Most generally, we can write: 

= PeiQe), + Ptm, + D'e,^p,pU!ql ■ (20) 

The components Pe{e) S^^ contributions from both SM and CP violating terms. The 
SM at tree level does not contribute to the normal component Thus we have: 

^(.) = P!M + P^^ D^ = D^^. (21) 
The polarization four-vector is determined by the expression |1| 



^Note the additional i in front of (P{s) and d^{s) , as compared to our previous paper 
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where Ai is the amphtude eq.(|l^). In the cm. system the SM contribution to -Pg^^ 
is at tree-level 



pSM^Q^^ = ^^[(l-/3cos^0(Gi-G3) + (l + /3cos^0G2] (23) 



Pi^'iOt) = -'^^[{l + f3cosdt){Gi + G3) + {l~f3coset)G2] (24) 

^ ^^AA' 



where Gi, i = 1,2,3 are given by: 

= (1 - AA')G° + (A - \')Fj' (25) 

with F° and G° as defined in (0). The CP violating dipole moment form factors 
d\s) and d^{s) induce two types of contributions: due to their real and imaginary 
parts. The absorptive parts Qmd'^'^{s) contribute to P^^g^'- 

-iPcoset + P^)QmH2\ (26) 

-{PcosOt- p^)QmH2] . (27) 
Here we have used the notation: 

H, = {1- XX')H^ + (A - A')A° (28) 
where 

^1° = (1 - cv9vhz)d\s) - ilcyhz - (4 + c\)gvhl)d^is) 

Hi = -CAQAhz d\s) + 2cvCAgAh\ d^(^) 

Di = -CAgvhz d\s) - dcAhz - 2cvCAgvh%)d^{s) 

Dl = -cvQAhz d\s) + (4 + c\)gAhl d\s) . (29) 

The real parts of d'^'^{s) determine the CP violating contribution D'^^ to the normal 
component of the polarization vector: 

D^'^iOt) = -^^[^eDi+ PcosetReD2] (30) 
rrifS Nly 

Here 

A = (l-AA')A°+(A-A')i/° (31) 
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Note that are C-odd and P-even, while D° are C-even and P-odd functions of 
the couphng constants in the production process e+e" ti. This imphes that Hi 
are C-odd and CP-odd, while are P-odd and CP-odd quantities. 

The polarization four-vector ^ for the anti-top is obtained through C-conjuga- 
tion. This leads to the following replacements in the expressions for Fi, Gi, Hi, 
and Df. 

Pt ^ pt, (2/3)e ^ -(2/3)e , gv ^ -gv , ^ -d^^^s) . (32) 

We have: 

= Pl{Qe), + Pl{Q,), + D'e,^p,pU!ql • (33) 

where 

Q'e = € - , = <ii - %^pr • (34) 

irif- nil 
In analogy to eq.(^) we define: 

Pii^ = P!M + P^^ D'=D^'. (35) 
and obtain: 

Pf^(^f) = ^^[(l-/3cos^f)(Gi + G3) + (l + /?cosef)G2] (36) 

p5M^^_) ^ 1 [(i+^cos%)(Gi-G3) + (l-/5cos^f)G2] (37) 



+ {P cos 9t + P^)QmH2] {31 



Pn&t) = - — -^[{l-f3coset-(3'sm^et)QmH, 
nit 



+ {P cos 9t - P^)QmH2] (39) 



D^^(^,-) = [sjjeDi -/Jcos^fSReDs] (40) 

From the explicit expressions for and together with 

pSM ^ pSM ^ pSM pCP ^ pCP ^ pCP ^4^) 

we obviously obtain: 

P^P{e, = 7r-0t) = P^''{0t) (42) 

pS''{et = n-et) = -p^'''{et) (43) 

(44) 



pSM^ 


0t 


= TT — 


^0 


= -p^'Hdt 


pSM^ 


e-t 


= 71 — 




= P''\et) , 


D^^( 


e-t 


= TT — 


Ot) 
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4 The differential cross section 



Using the explicit expressions eqs.(|3) and (|33D for the top and the anti-top quark 
polarization four-vectors we obtain from (^) the analytic formula for the cross 
sections of (|lD and (0) in the c.m.system: 



(Tq'\\,\') { 1 {±) abmt 



b(b) 



mj - 



1 



1 -/5cosa 



tb{tb) 



-p: 



m 



cos Ohib) - 13 cos Ot(t) 



1 -/3 cos 0^6(^6) \ 



sd 



1-/32 J 
d cos Ot{t) d , 



(45) 



where the triple product is defined as (qePtPb) = qe'(Pt ^ Pb) with q, p being unit 
three-vectors in the direction of the particles. aQ^^^ is given in eq.(|^). We use the 
notation 



pSM^pCP 



Z)* and are given by eqs. (plD and (p5|). 



pi = pi±pi 



pSM^pCP 



(46) 



5 The angular distributions of b and b quarks 

Integrating (^ and (^ over cos 6^^ (cos 9t) and yj;, (y^g) we obtain the cos 9b (cos 9i)- 
distribution of the b{b) quarks in the c.m.system: 

dcr^y 3TTal^l3Tt^bW ( b{b) , b{b) n , b(b) 2n \ ( 

— = — — Uq' (±) a^' cos^b(-b) + a^' cos 9^(j,^ ) 47 

d cos 9b(b) 2s Ff ^ ^ ' ^ 

where 

at = ar (±) , = (±) , af ^ = (±) , (48) 

^ = (1 + - 6)Fi + (1 - P')F2 - abib - P^)G, , (49) 

^f^ = 26F3 - ab ((1 + - 26)Gi + (1 - I3^)G2) , (50) 

^ = (36 - 2p^)F, + 3abib - I3^)G^ , (51) 

= -2«569m/7i , af^ = -4ab69mi72 , a^^ = 6ab6 9mi7i , (52) 

= l-i#ln[l±f]. (53) 
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In " (±) " the "+" belongs to the b and the "— " to the b. These formulae coincide 
with the analogous SM expressions obtained in [15| for the unpolarized e+e" and 
with [16| for polarized e^e~. The angular distribution of the leptons from the 
leptonic decay of W is the same as that of the b quarks because in the process 
t bW — > biu the tbW and the Wiu vertices have the same Lorentz structure. Our 
expressions therefore coincide with the analogous formulae for the lepton angular 

1, Tt- 



distribution |11], if we replace at by ai 



by r 



and 9ii by On 



6 CP violating asymmetries 

The following relation between the differential cross sections of processes (|l]) and 
must hold in the case of CP invariance: 

da\y{pt,Pb) _ d o'tx'-.\iPt=-pt,p-b=-Pb) /g^x 
d cos 9t d^lh d cos 9t d fig 

Note that in this equation (and in the following ones), the first lower index of a 
denotes the longitudinal polarization of the electron and the second one that of the 
positron. 

The electroweak dipole moment form factors d'^'^(s) have both real and imagi- 
nary parts. Therefore we consider two types of observables: sensitive to ^ed'^'^{s) 
and to 9m d'^'^is) . 

First we consider observables sensitive to '^md'^'^{s) . They are determined by 
the absorptive part of the loops at the tij and tiZ vertices. 

1. We shall consider two CP violating forward-backward asymmetries. Let a^p''\eo,x,x') 
and a^^^\eo,x,x') denote the number of b and b quarks produced in the forward and 
backward hemispheres, respectively: 

a'}''\eoXX') = / ' I , ^ 1 sin^bffe) , (55) 




d cos6'fe(5) 



b{b) " ^b(b) 5 

a^j^''\eo,x,x') = / ,^ { j^^^^] sin 01,(1) d9h(iy (56) 
The standard forward-backward asymmetries of b and b 

b(b) , b(b) 

.bib) _ aj^'{eoXX')-aj^>ieo,x,x') 

ApBieo,X,X)- — ^ - , [^{) 

'{eo,x,x') + '(eoxx') 



9 



define the CP violating asymmetry Axy{eo) 

^xyif^o) = Ap^isoxx') + A%B{eo-x'-x) . (58) 
From (^) we obtain, keeping only the terms linear in Qmd'^'^is) , 

^f,^(.o) = -Qa,b cos 00 (2 . - 3 sin^ ^0 ■ " 1^^) , (59) 

where NtotiSo) corresponds to the total SM cross section (|T^) with a cut: 

Mtotido) = 3a^^ + cos^ ^oaf ' = Nt,t - sin^ ^oaf ^ . (60) 



An analogous asymmetry to AxyiOo) was considered in ||TT], [12 

The difference of the number of b quarks produced in the forward hemisphere 
and that of b quarks produced in the backward hemisphere defines our second CP 
violating asymmetry 

aA (rUeoXy) - a^(eo,-A',-A) 

cr^(0o,A,A') + a%{eo-X'-X) 

This asymmetry is given by 

.A _ -l2abb{cos9oQm.H2 + sin^ 6oQmHi) 
-^'"'^''^ ~ 2M,,(.o) + 3coseoap^ • ^^^^ 

2. In order to obtain information about 9m /fi we define a "central" asymmetry 
A^x'iv) that measures the difference between the number of b and b quarks in the 



central production region [11, 12 



AU) = "'f"'^"' " 1^"" '"^ (63) 

0-^(r,,A,A') + cr^(^ -A' -A) 



where 



af\,xx') = \ sin e,r,)de,r,). (64) 



rj \d COS 6*^(5) 



From (^) we obtain: 



.c _ -6afc6sin^r7 QmHi 

'"'^'^ " Ntot-sm\[{3b-2P^)F, + 3a,{b-(3^)G,]- ^ ^ 

The magnitude of this asymmetry depends strongly on the value we choose for the 
angle rj. A direct consequence of the CPT theorem is Axy{v=o) = 0. 
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QmHi can be measured also by the asymmetry Afyiv): 

Afx'M = A|(r,,A,A') - A|(,,,-A',-A) , (66) 

where 

b(b) b(b) 

Az (^:A,A ) - . (67) 

Here cxp^'' is defined as complementary to ctc'^^: 

( d ^^^^ \ 

af\,xx') := alf^ - crfhvXX') = {['+1^ )[ sin^,(-,) dO,^,) .(68) 

JO Jtt-t) \ d cos t^6{6) / 

For Afx> we obtain: 

Afy = -24afe6cos77 sin^ r] QmHi/Ntot ■ (69) 
For COST] = l/VS this asymmetry is largest. 

The asymmetries Ax^ido), Axx'(6o), -^xx'M^ Afy{ri) are different from zero if 
CP invariance is violated in (|l]) and (0). Notice that the imaginary parts of d'^'^is) 
enter in eqs. (H), (||), (HD, and (|6|) as Axy(eo), Axx'ido), AxyM and Axyiv) are 



even under time reversal transformation, in other words, the i in front of d'^'^{s) in 
the vertices V-y and Vz is compensated by the i in front of Qmi/j. If A = A' = 
these asymmetries violate both C and CP invariance, and in accordance with this 
the analytic expressions are proportional to the C-odd and CP-odd functions Hi. 
A measurement of these asymmetries allows one to determine the imaginary parts 
of the dipole moment form factors d"'{s) and d'^{s) . 

3. The real parts of d'^'^{s) can be singled out by measuring triple product corre- 
lations 1^. A suitable asymmetry is given by 

Al(-,)(A,A') = (Ar[(qepj(f)p,(-,)) > 0] - iV[(qePt(f)Pfe(5)) < ^])/<y\ot , (70) 



> 



where {ciePt(t)Pb{b)) = Qe- (Pt(f) >< f>b{b)) = sm6'j(j-) sin6lf,(5) sin0fe(5). As sin 6*4(4), sin( 
0, N[{c[efyt(t)Pb(b)) > / < 0] are the number of b(b) quarks produced above/below 
(with sin > 0/ < O) the production-plane {qe,Pt(f)} with given polarization 
A, A'. 



11 



As in general gets also CP invariant contributions from absorptive parts in 
the SM amplitude, the truly CP violating contribution will be singled out through 
the difference: 



J^^y = Ki (A,A') - A| (-A',-A) (71) 



where A5^(-a',-a) refers to process (0). A non-zero value of ( [7ID would imply CP 



violation in the tt^ and/or ttZ vertices. From (^51) we obtain: 



It is also possible to define a triple product asymmetry for determining 5ReZ^2- It 
is necessary to consider not only the space above and below the production plane 
as in eg. (fflD , but also in addition the forward and backward region with respect to 
the direction of the top quark. 

The asymmetry J^^^^, is different from zero if CP invariance is violated in 
and (^. We have obtained the analytic expression Eq. (71) for JiFy^y^, assuming CP 
violation in the production process only. However, the same expression will hold if 
CP violation occurs also in the decay vertex, i.e. is insensitive to CP violation 
in t — >■ hW . In order to measure CP violation in t ^ hW through triple product 
correlations one has to consider the three-body decay t Mv 0, 0- As ^3^a' odd 
under time reversal, the real parts of (P'\s) {?R.eDi) enter in (|7TD. Ji^y violates 
both P and CP invariance for A = A' = 0. Accordingly, the analytic expression 
obtained is proportional to Di, which is a P-odd and CP-odd combination of the 
coupling constants. 

4. The CP violating angular asymmetries as defined above determine Hi and Di 
and thus depend on the beam polarization. The beam polarization can strongly 
enhance (or decrease) the effects we are interested in. Measurements performed 
with opposite beam polarizations can be used to disentangle from D^. We 
define the following polarization asymmetries analogous to the standard forward- 
backward asymmetry 



pfeW (l-AAQ {af^ - af^){eo,x,x') - {af^ - (rf^)(eo,-x,-x') 

^Fij(^o)- • b(b) , 6(5)^ , , b{b) , b{b). ■ 

^) {aj^ ' + (T^ ')ieoXX') + {ap^ ' + '){,eo-x-x') 
Then the CP violating asymmetry is 

V^'^ieo) = P'psm + PpBiOo) ■ (74) 
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Again, keeping only the terms linear in in '^md'^'^{s) , we obtain: 



P^^.o) = -6a,b cos 9j2. - 3 sin^ ■ ■ , (75) 



where 



AfL(eo) = N'tot{eo,x=x'=o) 



aff = 2bGl-a,[{l+f3^-2b)F^ + {l-(3')F^) . (76) 
We define a "central" polarization asymmetry V'" (jj) 

pC ^ (1 - XX') {a'c - ^c)faA.AO - (g^ - a^)fa-A,-V) 
' (A -A') (a^ + 4)(,,A,A') + (a^ + 4)(^.-A,-A') 

in order to measure D^: 

^ NL - sin^ V [(3& - 2/?2)F0 + 3a,(6 - /32)GO] ' ^ ^ 

where iV",^ = iVto4(A=A'=o). 



7 Numerical results within MSSM 

So far our formulae are general and model independent. Now we want to give 
numerical results for the CP violating observables eqs.(|62D, ([59|), (|65|), (|69D, and 
(ffT]), defined in the previous section. We use the results for the electroweak dipole 
moment form factors d\s) and d^(s) as obtained in 0]. There d^s) and (i^(s) were 
calculated within the MSSM where we allowed for complex parameters. We 
included gluino, chargino, and neutralino exchange in the loop of the 7tt and Zti 
vertex. 

The observable quantities Ax\i{eo), "^aa'(^o), ^fv(»)), and ^3va' depend on 

d'^is) and d^(s) and therefore on the parameters M', M, and m^, the mass param- 
eters of the gauge groups U{1), SU{2), and SU{3), respectively, the higgsino 
mass parameter, tan/5 = V2/V1, with Vi being the real vacuum expectation values 
of the Higgs fields, mj^, ttli^, the masses of the two stops and the two sbottoms, 
9^, 9i, their mixing angles, ip^, ipi, their mixing phases, and ip^, the phase of the 
higgsino mass parameter. We use the GUT relations rrig = {as/ot2)M ^ 3M 
and M' = Itan^Gv^M, and take rriw = 80 GeV, rrit = 175 GeV, m?, = 5 GeV, 
y/s = 500 GeV, as{y/s) = 0.1, and aem(v^) = yia- -^^^ parameters we choose: 
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M = 


230 GeV 




= 150 GeV 




= 270 GeV 


l/^l = 


250 GeV 




= 400 GeV 




= 280 GeV 


tan P = 


3 


Oi 


TV 

~ 9 




7T 

~ 36 


V'm = 


3 


"Pi 


TV 

~ 6 




71" 

~ 3 



Furthermore, the asymmetries depend on the polarizations of the electron and 
positron beams (A, A'), on the polar angle 6^0, (see eq.(|6^)) describing the forward- 
backward cut, and the polar angle 1] (see eqs. (|69|) , (|65|) ). For these quantities we 
take: 



A 



-A' 



-0.8, 0, 0.8 



On 



12 



cos?7 



1 



For A = — 1 the electron is purely left-handed. In all figures we show the asymme- 
tries for A = —A' = {0, —0.8,0.8} (full line, dashed line, dotted line). 

In Fig. la we show A^^ {eo) as a function of ^/s for our parameter set and different 
polarizations of the electron-beam. The curves exhibit spikes due to thresholds of 
intermediary particles in the tt-pro duct ion. The spikes are already present in the 
dipole moment form factors 3'm(i'^(s) and Qmd^is) , as discussed in detail in 0]. 

Notice that the size of the asymmetry strongly depends on the polarization of 
the electrons. For ^/s ^ 700 GeV it is much bigger (of order 0.2 x 10~^) if the 
electrons are left polarized. Quite generally A^yiBo) ^ 2Axx'(So) for ^/s ^ 500 GeV. 

The dependence of Afy{r]) on ^/s, shown in Fig. 2a, is very similar to that of 
AxyiOo) just discussed. It is, however, roughly 1.5 times bigger than A^yieo) and 
two times as big as A^yiv)- For the value cos?7 = ^ Afyiv) is maximal. 

In Fig. lb we show the dependence of the asymmetry Axyi^o) on the mass pa- 
rameter M. Notice the interesting difference between left-handed and right-handed 
electrons in the lower mass region M < 360 GeV. Afy(ri) again shows the same be- 
haviour being 1.5 times bigger. The decrease of A^yieo) and Afyiv) for bigger M 
can be explained by the fact that also the dipole moment form factors Quid^s) 
and Qmd^is) decrease because the gaugino-higgsino mixing of the charginos and 
neutralinos becomes weaker. 

The difference between left-handed and right-handed electrons is again apparent 
in the ip^ dependence of Axyido) as shown in Fig. Ic. In the case of left-handed 
electrons the asymmetry shows a siny)^ behaviour, whereas in the case of right- 
handed electrons practically no (p^ dependence is seen. When the CP violating 
phase (fi^ vanishes, one has still an asymmetry due to the phase if^ in the mass 
matrix of the t squarks. 
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In Fig. 2b one sees the different contributions to Afyiv). The gluino is dom- 
inating only for small M < 130 GeV. For M > 130 GeV the charginos give the 
main contribution, and for M ^ 230 GeV the neutralinos are more important than 
the gluino. This analysis of the contributing diagrams holds for all asymmetries, 
^xy(^o), Axy{So), Afyiv), and Axyiv), that depend on the imaginary parts of the 
dipole moment form factors. For the triple-product asymmetry A^y situation 
is a bit different. Although the gluino and the chargino contributions are quite big, 
they have opposite signs and therefore the neutralino contribution plays a more 
important role than in the other asymmetries. 

The dependence of Afyiv) on tan/3 is shown in Fig. 2c. An interesting fact is 
the very weak dependence on the polarization for large tan/5. There is a strong 
decrease of the asymmetry in 2 ^ tan/3 ^ 10. On the other hand the triple product 
asymmetry A^y has nearly no dependence on tan/3 (not shown here). 

In Fig. 3a we show the dependece of Ai^y on i/i. The similiarity between this 
plot and the plots for 5Re d'^{s) and 5Re d^(s) in Q can be clearly seen. The spikes at 
y/s = 400 GeV and y/s = 590 GeV are due to the thresholds of xfxi production 
with m-+ = 200 GeV and X2X2 production with m-+ = 295 GeV respectively. 

Fig. 3b shows the dependence of A^y on M. Again the behaviour reflects that 
of the dipole moment form factors 5Re d\s) and 3?e d^{s) . There is a big difference 
between left and right polarized electrons. 

The dependence of the triple-product asymmetry on the phase (p^, as shown in 
Fig. 3c, is weaker than for the other asymemtries. 

The asymmetries Axy{9o), A^yieo), Afyiv), and A^yiv) have all the same shape 
due to the similiarity of the imaginary parts of the dipole moment form factors. 
The difference of Afyiv) and A^yiv) in the dependence of rj comes from the fact, 
that the denominator in A^yM decreases proportionally to cost] and therefore this 
factor cancels. Although A'^yirj) reaches its maximum for cost] = 0, there is no 
parameter space left for the measurement. Thus the best value for rj should be 
cos?7 = the maximum value for Afyiv)- 

8 Summary and Conclusions 

The process e+e~ ti, with t(t) decaying into W^b{W~b), is well suited to study 
CP violating effects beyond the Standard Model. We have derived analytic formulae 
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for the cross section and the angular distributions of the b and b quarks assuming 
CP violation in the '-/ti and Ztt vertices. Particular attention was paid to the t{t) 
polarization. We then defined appropriate independent CP violating asymmetries, 
which quite generally allow one to determine both the real and imaginary parts of 
the electroweak dipole moment form factors of the top, d\s) and d^(s) . It was pos- 
sible to integrate over the whole phase space and to obtain rather simple analytic 
expressions for these asymmetries. Thus far our study was quite general. We also 
performed a numerical analysis of these asymmetries within the Minimal Supersym- 
metric Standard Model with complex parameters. In this model the asymmetries 
turn out to be of order £ 10~^. 
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Figure Captions 



Figure 1: The asymmetry Axy{6o) eg . (1591) for the reference parameter set and a 
longitudinal electron beam polarization of -80% (dashed line), 0% (full line), and 
80% (dotted line) depending on (a) [GeV], (b) M [GeV], and (c) (^^. 

Figure 2: The asymmetry Afy(v) eq.(|69|) for the reference parameter set. 

(a) Depending on y/s [GeV] for a longitudinal electron beam polarization of -80% 
(dashed line), 0% (full line), and 80% (dotted line). 

(b) Depending on M [GeV] for a longitudinal electron beam polarization of -80% 
(thick dashed line) together with the different contributions: chargino (thin dashed 
hne), neutralino (thin dotted line), and gluino (thin dashed-dotted line). 

(c) Depending on yj^ for a longitudinal electron beam polarization of -80% (dashed 
line), 0% (full line), and 80% (dotted line). 

Figure 3: The asymmetry eq.(^) for the reference parameter set and a 
longitudinal electron beam polarization of -80% (dashed line), 0% (full line), and 
80% (dotted line) depending on (a) [GeV], (b) M [GeV], and (c) y?^. 
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Figure 1: A 
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